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JAPPENDIXC
LRAD3 COMPUTERPROGRAM
DISCUSSION OF THE PROGRAM
This appendix describes a computer program which can be used to
determine the radiative flux and flux divergence through a noniso-
thermal planar slab of gas. The program considers species typical of
air at high temperatures and nylon or carbon phenolic ablation
products. The equations solved are for a variable optical depth line
and continuum gas model using species cross sections and line widths
as the basic data.
The detailed radiation model used in the present work is a
coupled line and continuum model developed by Wilson (Ref. C.I). The
computer program used in the present analysis is called LRAD 3 and
is a modified version of Wilson's subroutine TRANS. LRAD 3 consists
of a driver program and a set of subroutines which are for the most
part subsets of subroutine TRANS. By providing a driver program and
breaking TRANS into a set of subroutines greater flexability and
reduced computation time was achieved.
The program LRAD 3 provides a useful tool for evaluating the
radiative flux and flux divergence across a slab of gas containing
Both air and ablation species. The program can be used in subroutine
form in conjunction with a flow-field program or independently for
parametric studies. Twelve continuum and nine line frequency bands
are used in the radiation calculation. Radiation properties for the
following species are included:
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_] CO 0 2C 2 N 2
Line and Continuum
_I C3 H2
C2H
Continuum
%he computational techniques and equations solved are presented
in detail in Appendix B. The radiation model and species considered
were developed as a compromise between detail of computation (computer
time) and accuracy. The accuracy of the line and continuum calculation
for the four atomic species was found to be quite good by Wilson (Ref.
C.l) by comparison with a more detailed radiation program RATRAP.
INPUT GUIDE
All inputs to the radiative transfer computer program (LRAD 3) are
read from cards: no tap6s are required. The basic inputs consist of
(I) temperature: (2) number densities or mole fractions, density and
average molecular weight: (3) shock layer coordinates: (4) input
option parameters; and (5) a set of shock layer points used in the
integration to obtain the flux. Three basic formats are used for
input, 15, El2.0 and A4. The 15 is an integer format consisting of
five (5) columns right adjusted, the El2.0 is a floating point format
occupying twelve (12) columns with a decimal point punched on the
card, and A4 is an alphabetic format. Multiple cases may be run by
placing the input data for each new case behind the data for the
previous one.
Tab. C.l provides the details of the card input and Tab. C.2
gives the meanings of the input variables.
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TABLEC. i
CARDINPUTFORLRAD3
CARD TYPE Variables Format
i TIT (I) ' 20A4
2 NETA, NF, NS, LINES, IDG, IEZ 615
3 R, DELTA, DTIL, XM@L, RDZ 5E12.0
4 T (I) 6E12.0
5 YD (I) 6E12.0
6 ETA (I) 6E12.0
7 INDEX 615
8A* DENS (K, INDEX) 6E12.0
8B* FRAC (K, INDEX) 6E12.0
9° ETZ (I) 6E12.0
I0+ RH@ (I) 6E12.0
11+ AMW (1) 6E12.0
Either Card 8A for number densities or Card 8B for mole fractions is
read but not both.
+ If Card 8A is read, Cards I0 and ii are not read. if Card 8B is
read both Cards i0 and ii are read.
O
If IEZ = 0 Card 9 is not read.
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Var lab le
TIT
NETA
MF
NS
LINES
IDG
IEZ
R
DELTA
DTIL
XM L
RDZ
T(1),I=I,NETA
TABLE C.2
VARIABLE DEFINITIONS FOR LRAD 3
Description
Title for identification of the problem.,
The number of points used in the slab calculation.
Species concentration option variable.
MF=I Mole fractions are input on Card 8B and
number densities are computed.
MF=O Specie number densities are input on Card 8A.
The number of species to be input.
Line radiation option variable.
LINES=0 Only a continuum calculation is done.
=i A coupled line-continuum calculation is
done.
A switch to allow intermediate printout.
IDG=0 Only finial results are printed.
=i Print at each ETA is given.
=2 Complete print is given.
The number of points used in the flux integration.
IEZ=0 The ETA array will be used for the ETZ
array.
0<IEZ<NETA Specifies the number of points in the
ETZ array. Card 9 will be read.
Body radius (ft.)
Nondimensional stand-off distance (6/R)
Transformed stand-off distance (_)
A molecular radiation option switch.
XM_L=0 Molecules not included in the radiation
calculation.
=I.0 Molecules included in the radiation cal-
culation.
The density directly behind the shock.
(P6,0; Ibm/it3)
The temperature profile across the shock layer. (OK)
/
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TABLE C.2 (Cont.)
YD (1),I=I,NETA The nondimensional shock layer location where tempera-
ture, concentration etc. are given. (y/6)
ETA(1),I=I,NETA The Dorodnitzyn transformed shock layer locations
corresponding to the Y/6 locations. (_)
I
INDEX
DENS(K,INDEX)
K=I,NETA
The number given each specie for use in storing arrays.
This permits species to be read in any order and is
placed before each set of cards of type 8A or 8B.
INDEX = i = @2 7 = H
2=N2 8 = C2
3=@ 9 =H2
4 = N I0 = C@
5 = E- II = C3
6 = C 12 = C2H
Species number densities. (particles/cm 3)
FRAC(K,IhDEX)
K=i,NETA Species mole fractions.
ETZ(1),I=I,IEZ A subset of ETA points used in the flux integration.
If IEZ=O the ETZ points will automatically be set
equal to the ETA(l) points.
RH@(1), I=I,NETA
AMW(1),I=I,NETA
Nondimensional density profile across the shock layer.
(plp6,o)
The average molecular weight profile across the shock
layer.
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The species considered in the program will probably be a subset of
the species considered in a shock layer flow-field. Only those twelve
species li_t_d with ai_ iNDEX number can be input. If the field of
interest is ionized, the input of electron concentrations is necessary,
although ionic species are not input.
The subset of ETA points, the ETZ points, used in the flux
integration calculation should be carefully chosen. The purpose of
using a subset of ETA points is reflected in the required computation
time (i.e. 5 minutes for 60 ETZ = ETA points and 2.5 minutes for 30 ETZ
points where NETA = 60). The computation times cited are for a IBM
360-65, To maintain accuracy keep ETA points as ETZ points in regions
where either concentration or the temperature is varying rapidly.
OUTPUT DESCRIPTION
This section presents a description of the LRAD 3 program output
format and d_finition of output symbols. The reader may find it
instructive to refer to the listing of the sample problem while
reading this section.
The first four pages of output are a print of the input data.
This is provided so that the user can check the input for possible
errors, and it also provides identification of the problem. All
quantities on these pages are defined in the input guide section. The
concentrations printed on pages 3 and 4 are either number densities or
!
mole fractions depending on the option used for input purposes. The
difference is easily distinguishable by the magnitude of the numbers.
These concentrations are followed by the shock thickness DELTA in cm.
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The standard output shown (i.e. IDG=0) provides a print of the specie
number densities on pages 5 and 6. The results of the radiation
calculation are printed on the seventh page of output. The continuum
contribution and the line contribution to the spectral flux are printed
for three ETA points (ETA=0.0=walI, ETA=0.5, ETA=l.0=shoc_) as a
function of frequency interval HNU=hv . The columns of fluxes in
watts/cm 2 denoted by QPLUS and QMINUS designate fluxes to the surface
and away from the surface respectively. The total radiative flux at
the three ETA locations stated above are printed in watts/cm 2. The
number on the left can be interpreted as the radiative heating to the
sur fac e.
SA_LE PROBLEM AND PROGRAM LISTING
The follo_:ing ex_-mple is presented to illustrate the basic input
for the LRAD 3 program and to show a typical output listing. The example
considered is typical of stagnation line shock layers in that the
temperature and species compositions change from surface to post shock
values. All twelve possible species are included in the example. The
integration is carried out over 59 ETA=ETZ points and thus card-type
9 is not input. Furthermore, species number densities are input on
card type 8A and thus card type i0 and ii are not required in addition
to RDZ on card type 3.
The required input data for this example are listed on the
following pages. After the input a listing of the output for the example
is given. Finally a listing of the LRAD 3 program is provided.
373
,,w
o
U_
o
o
o
0
W
o
oo
,-q
o
rO
0
0 I
w
tY ._o
tr cJ
W
U o
W o
o
r'l
0
o
o
tU
f_
o
o
tW
I/1
J
0
_J
,,T
(N
i,/1
J
t_ 0 0 £D (.,_
o cJ o o c._
_ 6b w _u I_
0 oo 0 o
o oo o o
0 0 0 0 0
00000
gooog
o o oo o
r.._ o oo o
W t,_ _ _J W
o o o o o
,.D 0 _ "1 ".0
ogooo
00 rO 00
0 0 0 _-....)0
ggdog
o o _ o o
000 O0
'.U '_ _ ',.U'V.I
_U ,,V r,. (o oJ
oo o o o
0 0 (.,) 0 0
0 0 0 0 G)
;;ggo
374
4
375
I_ I_ _3 Po _J _ _ LD _ _D _ _' gJ
00oo oo ooo oo oo
o _ r) _0 _ t_ _ 0 I_ o _ _) _ _ _0
_ _ _ _ _ _ _ _ _ _ _ _ _ l_ _
00 000 0000 000o00
. • . • • . • . . -- . . • • .
000 o 0 00 o 00 () 0 00 c)
l,IJ LIJ ua ,.LI 'JJ _ _J.J _J LI.J 4J 'J.J '.U _ _ 'JJ
_0 C_ _0 I_ 0 I_ _0 _ _ _00 _ , _ 0 _
_;gg_ ggogd2oogg
UJ ILJ UJ JJ JJ PJJ I_J LZJ LIJ IJJ l_J UJ LU tlJ UJ
gg_od gd;;gdogd;
gggg2, ,_o 2,o o g o
Qe@@@@e@
00000000
___
ggggggg;
ww_ww_w
_0__
;g;g;ggo
__0_¢
g;ggdgg_
_00__
gdggddgg
ggg gggggggg
376
4
• @ • • • • @o_o_ggg _o&ogdggg
377
/
,'0 ,_"
o 0
I
'.u tU
c_ .,T
o o o
0 o o
! !
U2 tU '.U
,;oo
oo o
,_U tU UJ
_0,"
t_0%9
oo o
! !
_ _ tU
o oo
o o o
I
uJ_ _
,,./) n') (_1
378
l
I"1
O
.d 00"*
| 00
r_ ,,I
(J ,,,.,__..,.)W W
I_. 0o0o
tOooW
,,.4 W f'' _ 0
,<O_ oooo
_J _0 o o o u3 tq o
o N o ,, ..., ..4
W "( oo.e 0o
.J II 0 II 0 0 •
0.. It 0_ It II o
5" tt_ II II " '_ II
< ,_. II I! _ o P _,1 J
tt_ _ Z _3 N II ../ ,--, O N
379
!
...... 8 88 _oooo_ooQo oQooo oo oo oo oo oo
oo oo ooooo _Qo ooo oooouooooo oo oo ooo o_ooooooo oo
_tll_lll_ll.llllll_*._l_...I.l_4.1tillilllet_l_ll101_*.lll{
oooooooooooooo_oo_oooooQooooooooooooo_o_oooooooooooooooo
• ,j
.......... _ _ooo .... _ ........
lilit/ilil,llll'di*llileeililiilltli*ltlllillll#l#lililliittO
_ooooooo_ooo_oooooooooooooooooo, oooooooooooooooooooooooog
oo oo oo ooooo oo ooo oo ooo ooo ooooo _z
II
oooooooooooooo_oo ooo_ooooooooooooooo_ oo_oo oo_oo
oooooooooo_oooooo =_,._ oN_(o_ _=o_o_o o_ o_ooo_o_ o_
oooooooooooooooo_oooooooooooooooooooooooooooooooooooooooooo_
g
380
" m
-z
.........................................
o0o0_o(o_0oo0ooooooooooooooooooo_oooooo_o_oooooooo_oo_oooo_
o oo oor)uoouooooo ooo_oooo
oooo ..... o ........................... o ........ o ..... ooooooo
ooooooooooo ooooo oo oooooooooooooooo_oo oo oooooooo oooo_
-- two
oo oo oogoogoo_ooo_ ...... ooooooAoog ........... goo_oo_'_oo_
_Jo ........................................................
oo oo _oo_ _ ---------------------------- ....
...... o .... _oo oo_oo_oogoo ...... _ ..... g .... _oo_oo_oo_ ....
oooooooo_oooooo_ooooooo_oo_oo_ooooooooooooooo_oooooooooo_
oooooooooo oo oo_oo_ooooo=_oo_oo oo o ........ oo .... oooooo
............. _o o_ ..... _oo o_ .... _ ................oooooooooooooooo ooo¢._oN_ ¢o_ _o_o_o ooooooooooo_o_ooo
oo0ooooooooooooooooooooooooooo_ooo0ooooooooooooooo_ooooo0oo
381
°_
_oooo oooooo_oo_,_oo oo ooooo o_oo oo oooooooooooooo_o oooo
_eese_ee$@@_.eee_eeeeee_eeseeeee_eese.$eeseee_eeseeeeeeeeeooooooooooooOoooooooooooooooooooooooooooooooooo_ooooooooo
......................................... : _ oo _ _oo_ "'_
oo oo OOoO
oo ooooooo o_ _o oo _ oo oo oo oo ooooooooooo_o oooooooooo
O0OOOOOOOOOOOO_OOOOOOOOOOOOOOOOOOO_Ooooooooo_oooo_ooooooooo
@@l@@@l@i@l$lllel@ll@llel@ll@l,l@@l@mmllllell@ .l@@@ell@@@
ooooooo_ooooo_o_ooooooooooooooooooooooooo_oooo_ooooooooo_o
...._oo_.... _ ...... :_: _ .......... i............. _oo _oo_oo_oo _ ...... o ..... _oooooooooooo oo ooo_ooooooooo oooooooo oooooooooooooo_ oo oo
oooooooooo ooooooooooooooooooooooooooooooooooooooooo ooo_o
oo oo oo o_ oo oo o o_ooo oo oo oo oooooooo_oooo oo oo
0ooooooooooooooooooooooooooooooooo_ooooooooooooooooo_oooooo
382
f
/
J
• V ¸
Q
oo oooo .oo.------ .................... o.ooo ooo_
oooooooo0oooooo_ooooooo0ooooooooooooo_ooo _ooooooo_0ooo
oooooooooooooooo oooo_ _ooooooo_ ooooooo oo oooooooooO_
383
r,
I I I
oooooooooo ooo
._
oo ooooo ooo_o_oooo oo oo oo ooo oooooooo oo oooo oooo_ oo
_ooo_ ..... _ .......... _ ..... _ .... _ ...................... goo
............. o ............... _ ......... _o_o_ .......
384
°! • .
0,1-.oi0Q..,, .
oooooooooooo o
f
,J
o P, ..........
• • * • • o • ° ° •
o oo0ooooo0 o
ooooo ooo
...o . .
ooo ooooo oo
o o III
...... oo --..
T? ........
o_o_ ....... _ ....... ,,
III
0oo_oooo_ o
....
Z ------------N U ....
N
o
_ g
_ g
_.°
385
o o
z z
(2 0
_9
UJ
JJ
U
.J.J
U Z
Q
Ir ,.,
U u_
T LU
3 _E
(h(3
Z I
,_ ILl
OC
W_
Z
_T
U U
rn
ih
CIC
{.J
U.
rr
L9
(J
n-
n
rr
bJ
I,W
r_
In
W.E
LO
W-I
l-
h"
IN.
J
_J
L_
Z
UJ
U
2:
0
_0
_J
_r
T U
_" IJJ
LL
I/J V_
U
/ {j
lU )"
L9 (_
UJ tU
,-, J
X lZ
3LU
.J0.
LU
_U _-
>
1- UJ
I--I i.e
{DO
UJ E
/. O
1-- ,1
-)
'7
0
k
X
.2
.J
U.
_n
k
Z
{D
>
0
U
.11,
o
,,,w
386
o ooo oo o oo o o o
Z ZZZ _Z z z z z ZZ
!
!
!
!
t
t
i
I
!
!
• I
(..90J
•" U
II J-_
o
vl-
• II I! _ ',"
II -_"_
00_L0 UJO_
O
o_
U
@
L9
0
U_
2:
.J
I,
v)
@
u.
i
_J
Z
U
,:I. ,,
[J ,._
_J
LU oa ,_
fJ
U
V VVV
0000000000 O00 00_) 0 O0 0 00o 0
_: Z Z Z z Z Z z Z Z Z Z Z Z Z Z z Z Z _" Z Z Z _
>.
l--
I/}
Z
uJ
O _u
0J
¢z
_u E)
rn k-
tU
7 N
0 ,'
Z W N _-
0. z tu O
UJ _ Z ILl
'_ -'_ 0 '_ Z _J W _'__"
"_ L_ b=" ._ '-'-' _U LJ "M
Z _ _J _; _ Z "" =' 9")
U U U UJ >- ,- ,-.i- .J
> _ T O,
Z "_ O Z ,-_O O .-,0_ O EJ _
II II II II II II
LLI_ U'I_ _ ILl
Z _ Z._ --
N
z _
.J -/
z o
tl. ,_
uJ
u
Z
to z
u. _ D ..J
i- o ci
z
_'ir_ c_ Z z
>- o z
OZ ,_ OO
OD I p- .,._ o
II II II II
_- .j .j
_j_- _
387
Z Z
_Z 2.
N
a
n-
.J
0
X
0
,¢
I-
.J
U.I
L)
Ib
n,
¢1'
o
e-e
V,2
',U
p-
w
n,
U
oooo oo oo oouoooo oo ooooouoooooo ooooo
ZZZZ_Z ZZZ ZZZ ZZZ _ZZZZZZZ ZZZ Z Z
l-
I).
Z
I,,U
J
-,!
.,I
T
"r
0_
rr
I=-,
l,LI
7
13
_U
0[
I-,..
n.
0.
&
t,IJ
1,,=.
U.I
n,'
45
Z
II
x
tu
Z
U1
tr_
o
D0,,.
388
OOOO O _ O O O _O O O O
_O__ _ __O_
O _ _ _ _ _ _ _ _ _ _ _ _
Z Z Z Z Z Z _ Z _ Z _: _. Z _
I,,.-
uJ
Z
e,
IJ
P
x
tu
f..)
,ll. Z
cJ
t- I_ 0
U g. 0
IL "_ o
gl •
W _ U
-I .._ LU
I,,U 6J '_ Z.
t'," _0 bJ 0 ,.L
_r oou3
u
UV
N
'iJ
II
A
113
P_
63
0
I-. ,-,-
Ih Z "-' --.
ro ... • _ •
o '_-. II ILl/_
ID N _,,_ I.,- .,-,,, II •
0 II i.- II # _._ ._,
__0_
o oo
U
U U
(D
c_
Z
l.e
_r
D
t9
U.
rr
0
U.
U_
)-
OC
n.
,(
I-
"r
UJ
IX
,.2
U
UJ
.J
(J
>
C_
Z
)-
I,-
u)
Z
UJ
r_
0
W
rr
0
,jj
C3
_J
Z
U.
V
000o00o00o o000_000000
Z Z Z ZZ Z Z Z Z ZZZ Z ZZ_ ZZZ ZZ
.11-
0
I',
6].
t_
to
04 -.-,
/
_- N
tU
<.9 ,_ •
•"-,o Z •
0 • ,..,4
UJ @ II "-" Z 0
> ILl O 'll It (D "* It
_ "_ _ Z _
_ _ I! 0 IJ..J D II .J
0
_I
I-
o
N
v
I-
0
,I,)o_ ,,!
T--
389
Z >- ZZ
Ill _ D-I I-d
P
?
Z
cn
P
7
iJ
Z
Z
b_
Q
Z
a
W
W
J
0
u
Z
v)
P
121
Z
m
(
OZ
'JJ
w- g.
*'YO
M
O O O _O O O OO O OOO OO O OO _
Z ZZZ ZZZZZZZZZZZ Z ZZZ
w
F)
U
O
Z
0
U
Z
if)
"r
Z
/ 0
o (j
z
w
04_ .-, Z LU
_1 I'_. '-. "-" Z r') v
•-" U .'_ "._ _ J .-, v)
_ ,v_ !1 _ !4.. --I O II J
o o
X
0
_ X
j x
_ x
_X
0
0 0
o 7
v
0
0
N
7
,It
X
$
X
x
x
A
X
8
w
x
w
0
0 O0 O0 O00000 0
X Z Z _Z ZZ_ZZ ZZ
u
390
_ooo_o0o_
ZZZZZZZZZ
.391
o (j o o Lj (J o o o o o (J o o o o o o o o o o o o L) o o o o o (J o o o o o
Z Z Z Z Z Z Z Z:Z Z Z Z Z Z ZZ Z Z Z Z Z Z Z Z Z ZZZ ZZ Z ZZ Z Z Z
E E ,'Y tY (_ _: cr _ Q:: E E _. _ _ t7 E _ _ E E E E _" _. rr rr _r. [Y _r t_ _ t_ _ E E E
(/)
w
Z
n,'
I.u
Z
I--
C.}
r_
Vl
I392
Z Z Z Z _ ZZ Z Z ZZ Z Z Z Z Z ZZ Z Z ZZ Z Z Z Z Z Z ZZ Z _ Z Z Z Z
o
,O
0
0
_m X
_0
E
U X
UJ
O.
_OZ
_U
Zo')
OZ
0"
UO
/
r --¸ •
.!
393
OOOOOOOOO OOOOOOOOOOOOOOO
Z ZZ ZZZ Z ZZ Z Z ZZ ZZZZ Z Z ZZZZZ
÷ C'
•-,, %
I,- I_.
_0 ml
@ I
g
I ×
'-" N
X
IJA o
.l" I_') I..= %
• • GO I7,
-.._ ,_- rq •
I I " "
•-.' _, (M I
n .'_ I "
X X "-" _.
LU UJ rm x
X UJ
•_" _" UJ
0 c.;,
• • 0 0
I.f) _) • •
0 1_
,4- .I-
.4.
0
0 0 0 •
It !l II II l:3
'r'_ Z _3_
_D D D O
n,
D
n,
U_
B.
_r
U_
T
%9
T
O
It
2:
D
_0
o o
u_ U_
Z Z
_.. h-
04
W •
• %
eq
o
_0
tf| o
• O
o
! ÷
W
¢.) c._
w
P- _9
o Ul
•_ o4
O
÷ !
_0
cO .-.
_u _u
• •
O4 _0
" !I
%2 Z
D
,n _0
o oo o ooo oo
o o o o o o o o o
•ira ._,
V_
l,- -
394
0000000000000000 O0000'O000OO000OO0000
Z Z Z z: Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z 2_ Z Z _" Z Z 2_ Z Z Z _E _ Z Z Z Z Z
T
!
=,
"r
L_
v
4("
0
@
0
• (_ • • 0 0 0 0 0 00 0 0 II N ml II II IO
.T. ;E U _ U U U Z T U U
U UUUUUUU_
395
000o000000000000000000 O0000000UO0000
Z Z Z Z Z _ ZZ Z Z Z Z _ Z Z Z Z Z Z Z ZZ Z Z _ Z Z ZZ Z Z _Z _ Z _
I-,
I
v
X
D,,
!
W
% • N !.13,
• _-" Z I
•._ 13. N_"
i x _'_
13. OU_
N
.'-, > I",-
I_- I -r ..,
v _.G II v
II _ > .,=I1t
k.l _- .,.JZ
v) k.9 N _ v)
.J ',o
T
O_
396
+-300
O0 _D _)
Z Z:
_ rt_
Z
N "_
N "_
• O
N •
N
• I
-....
n
N X
1:3
N
> P-
N,._ !
N I
,w ,_ .0
I" • a
N ,.._ _
.=I('%1 fl
,.JZZ
_ uI_9
o
Z
<
rY
p.
I-.
In
(M
I
X
UJ
7
IIJ
(%/
Q
c_
÷
o o o cJ o o o
_ _ h. J0 _ o -4
o _ oo _ _ oo o _ oo
Z _ _ Z Z _ _ Z Z _ _ _
%
0
@
I
X
7A
_U
_3
N_ • 0
_1 Z ")
I_ N •
_x_ • I
m o N
_ N X
, N 7
I+-- I_1
U =JZ_Z
o
3:
ZE)
.2 _z
I" % I", I
.,I-
Z
J
u_
ua
p....
_ _0 LU 0 N O_ Uj o u_ "jJ
• • "" II • ...,+ -+,,.
I.- II II _ ,"4 t.-. H <.M I-. _-
1-07.1. Z Z Z
0 0 L9 L9 L9 _ L9 L; 0 0
u') U')
0 '0 0 0 t; 0 0 0 0 0 0 0 _0
0 r.J 0 0 0 (._ ,..I.-i ,-_,._ ,-I ,., ,_
Z Z _ Z Z Z 2_Z Z _ _ Z Z /
if .....
397 •
I,
0 0 0 0 0 0 0 0 0 0 0 (.,) 0 _J' 0 0 0 0 cJ 0 O 0 0 0 0 rJ 0 0 (.J 0 O 0 0 0 0 0
Z Z Z 7' Z Z Z. Z Z Z Z _ Z Z .7 Z 7 ;- Z Z 7 :;" _" :? Z Z _" Z 7 :E Z Z Z _ _ Z /
oa
A
O
O.
N ",
_ Z
T
2 *
(N
I
• _
&
0,1 • II I_'
II '-" J
,_ LL e_ (M
10 U. D I,I.
•-4 t,J
w
(%1
4t"
U
n
!%1
E
0
u_
N
!
m
b-
O
U
O.
1.,.
,,y
u_
,'M
l-w
I
4J
o
(._
T,
,3
398
Ii!
:!
,i¸
/
ooo_ooou
ZZZZZZZZ
F)
w
V
O.
0
o
÷
A
OJ
U
O,.
N
.ll
I
l,l,J
_., (3
,II, Q
o, ,,I.
1,3
Z *'_
.II- A
,,.I I_.
1,3 _,
I,L l.I. $7
.J II
_" II L9
_¢gm
z z
O N
V') ,_, ,,,_
IN ._,
u N
N _,- IN
I'-_Z
ffm_l.
O N
_ ; e4
," tl./ I
I rn _Ja
LIJ 0_ (.,)
h. •
60 _'} •
• p,.
II II
0 0 0 0 ?0 0 0 t) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
•.,, ¢_ ,._ <1" U'I 0 P" ::00_ 0 ,-, 0,1 _'1 .,_ u") _0 h,, O0 _ 0 -,,_ ('j "_ .,9' '_ _ 14- _
Z ._" Z _ Z ,_ Z _ Z Z Z Z Z Z Z _" Z Z Z Z Z Z Z Z Z Z Z .,"
(%1
A
r_
Z
N
I
_J
p,.
÷
(1.
N
I,-
(._
I
Q
I|
m
n
399
t
V
o o o o o o
•., _ e,l o4 ,%1 ,,w
T") _ _ r,')I'_ r,)
Z'7. ZZZZ
_- i.- I- I- _ I-
•-_ (w
04
0
n _ _
•_- ,%wG.
.II. 'I" -'-. r_2 'W
,',') ,"9 _'.a w-
Z O ",4 '_
N ,11, A
uJOk)
_-" _ _ II
II II .,.J
IN II,
0 O. _
LL _ ..I.
I400 "
0_000_00000000000000
_ _ _ _ _ _ _ _) _ _ _ _ _ _ _ _ _ _ _ _
ZZZ ZZZZ ZZ_XZ ZZZXZ_ZZ
Z
Z
_L
v
4_
Z
.J
n
U Ul._
0 __
I I I I
x Itll
oooo
• u mmmm
Z llll
6_
:0
U/
o
@
%,
.J
A
T
,J
)-
l
f..)
>.
.J
,,.." 4.
LLI _,.
Z I
'J) ._
ti. _.
) I C) _:
""_ L/,,.,_ ,,_
_.9 _ k) II II I|
'_" II -_ -"- _'_
2 _. I-- • • ,.., )
0
Ii)
Z
rY
..I
@
m.
_2
÷ I _
4.1 I/1
I m" _1 _1
Wl n II _"
I.
¢._ o o o o o o o r_ o ¢._ o c2 o o
ZZZ Z ZZZ ZZ Z ZZZ 7 Z
." I--
•" -I
I 0
.J
£.I
I ""
..J .J
_., .j
÷ .-,
2T o
_ I .J _
,.,I )
1:3 • ") O
-- .J
tD .J .2 _"
"_ II _l 'ILl {:_
Z D D Z .J
e,4
O c_ (m
_... +
D
Z
,.J
I,J
I401-
0000000o000o00000000000000000 O0 00000
Z Z ZZ _ Z Z Z Z Z Z _ Z Z Z _ Z Z Z _ Z Z Z Z Z Z Z ZZ ZZ Z_ Z Z Z
402
o o ooo o o ouo ooo o ooo oo oo oo o o oO o uo o o oo oo
Z Z _ Z Z Z Z Z _ _ Z Z Z _ Z Z Z Z Z Z Z _ Z Z Z Z Z Z Z _ Z Z _ _ Z Z
/'
0
tU v Z
_U tU _.
U W ,_
," -'- " Z _u J
I * "" / 'Y 0 -I
J .J 0 .J _ • .Z
, . _'J - > _I %)
I _' o _ .J I _" .J uJ
-I ,.I '-" I .J -I ;- ,o _u _r
_j ,_ _ v _= LU LU _ X tJ _ _ n
I "" _. < V ÷"_ V _ N LL
)" " 0 X 0 w >- , _._ ,_, >. _j
II • )., • .-i II • U. II II i-_ _LI E 0 • _J
_" UJ LU II > II 0 > )" UJ > II _- )- VJ O. • L_ _" II Z ""
)-
• Z > _ J • _- • Z _ X -- • Z 0 O _ >- >-
U Z 0 "-" U U ;_ 0 U UU Z _ JU ._ U
=E O _ O O. .ri LL O. O. Q O. U .'E (:L C3 Q _. < U (:g J U
.._ ,..# =._
V U V U U V V V V V U U U t.) U V
403
0 o ¢._ 0 0 _.) ,,.) o o o o o o o o o o --'J o o o o o o o ¢.) o o c> c) o o o c_ o o
Z Z Z z_ Z Z Z Z Z Z Z Z _ Z Z Z Z Z Z _ Z Z Z Z Z Z Z Z Z _ Z 2_ Z Z _ Z
>...
.J
,,¢
p-
!
.J
.J
t.-
@
D-
.J
-r
II
_1
g
tJ
,t*
0
W
Z
/
U
',,o
2:
<_
UJ
..J
!
!
;2
V
404 "
00000000000_000_000000 o0_ 0_0000000_0
_ Z Z Z _ Z Z _ _ _ _ _ _ Z Z _ Z Z Z Z Z _ _ _ Z Z Z Z Z Z Z Z Z Z _ Z
i
_2
4_
"9
,,, z
•
z z:E '.al .J 0 U. 1.1. LL ,,,-,,
Lg "..IX %) -, _ _
_0 kO _;
4_ 4_
;Z I
LIJ
._nn
_q .J u_
U.J
;/,7, Tg,,
").J • • X'_
0(.30 (.- _.
_0 I_ II ,"" 04 _ II V)
"9
+ ..4
?.,. _!
H .,T..
(3. '3.
,-. j
f,,,..
,I
qt.... -------
4o5
oo o ooo o o_o ooo ooo _ oo o u oo 0
Z Z Z Z Z _ Z Z Z Z Z Z Z _ Z Z Z L Z Z Z Z Z Z
!
..J
I-
I
.J
I--
4l,
O.
.J
mm_
,,L
O.
4_
II
.J
O.
O.
0 0 0 0 _0 0 O0 0 0 0
u
t
'l I
406
0 0 0 0 0 0 0 o 0 o 0 c_ cJ 0 0 o o 0 0 o o o 0 o 0 0 0 0 o 0 0 0 0 0
V', LC) ,J) 'J} .j"}'4) U) dl b") UI br3 '.,q_f) if) _) _I bq b")_) _I U'I tn _) _.(IV} V'_ _I u') b"1 iF) _l ,,_'lul LO
Z Z Z _ _ Z Z Z Z Z 7 ,_ Z Z Z Z Z Z Z Z 2" _C Z Z _ Z Z Z _ ;" _ Z _ Z
I-
Z
(Z
n
LLI
r_
.W,
407
g
000_000_000_000_000000
_ Z Z Z _ Z _ Z _ Z _ _ _ Z Z Z Z Z Z Z Z Z
f
g
U
Z
w
N /
IN
lIJ 'q
_, l,,O
0 N ,', I_
I" I,'- Z N
,jj 7
13 N '_
0 _ _, 41..=-
0 I,- "-'NZ
0 _) _-- u) _ _ I _ Z
ov _ U.J_ • _ Z
001: v / ,.- .-. 7 ,.-. ,_- v.
LI2 n ,'-_ Z _, _, '-" Z Z Z
• '.2 _J.i I 0 0,I t'q "-' LJ "-," -" '_ 0 UJ
_'_ _ Z J.J II Z w,, I,- Z I o 0 Z !I II Z Z
,J 7 N _" 0_ II 7 II II II II _ _ Z I" 0
4O8
!
/
I
i
,!
0 ooo oo _oo_ o
___ _o_
0 0 QQ _
Z Z Z ..,..+.Z Z ,.,">- Z _.
g'} v} v1 _ u"} v') vl q') v1 u'} _
P
v o
) 0
_ 0
0
Z
u) 0
I J
u_ o
Z 0
I-
OU
_0
w w)
o
w
Z
oo
Z
0 0
_0 U
_llO_ ZU U
0_ 000 W
o_x
_X • • • •
_ 0 _ 000
_0 _
_ _ -
Z ZZU
• ZZ D
II
Z ZZZ _
0 000 _
0o0000o000000o000
___ ____
v
_XXX_
II II _ _ _ _ _ II II II II _
_ _ II II II II II _ _ _ _ _
_ _ _ _ _ _ _ _ _ _ _ _ Z
_ZUZ _ __U _
Z ZZ Z Z Z Z_ _ Z Z Z _ Z
409
f
e
0000o000000000 O00oQO 00o0 O0 toO0
-,, ,,w ,,w ,,.i ,,w ,w _ ,,w ,,w ,,w _ (Y (_ _ (y _y (y (y OW _
N N N N N N N N N N h,l Iw,,lN N N N N h..lh,l N N N N N N N N N N
. ,j;
.W.
u
gJ
Z
U
LL, ,',,
e, (#I _,, T IJ U _- _-
• I-. N (%1 _0 %. ,;0 L0 N P_
_n n _0 I 1% I v _) "_
• O v v _..._ ,., n I n
,,,w 0. _ _ _. _ n X --.,X
p,, (.L T X U X _ X 'JJ
N Z % u') 4(- u} .w- | .R.
LL) _w 0 _,._ c._ 000. 0 •
Z I,- N x
I'- _¢ II II II q II tl II
0 U. 0 0_
4(" _ 0.. CL O. _ O. C. CL
_,q 41. U N N N N N N N
0., LU Z x X LU LU U,J r.,J x .'_ x LLI
_< .P...UJ "kJ Z LU e ,.U
'UJ .1(- _ .W..N- .N- _, -.1" 4(-
• e r,.) • ¢.3 • • • (J O n ¢;3 •
,0 o o _),,_ o X
tl II II II II |1 II II II II II II II
U ZZ Z Z ZOO00
CL O. CL O. CL CL Q. Q. O. Q. _. Q. n
N ,%1N N N N'N N N N _'_ N N
2.
V)
%
e,4
M,
%
f,.
F,.
o
9y
I1,,<
I
X
o
o
II
0
N
z
_-0
_J Z
uJ
UUU
/
U
410
0 0 0 0 0 0 0 0 0 0 0 0 0 0 (J 0 0 0 0 fJ 0 0 0 0 0 0 0 0 0
ZZZZ ZZ ZZ 2:ZZZ Z ZZ Z ZZZ Z ZZ ZZ ZZZ Z Z
E E {)r. IZ fY {Z {Z IZ _. r_ n" {Z: E _ {Z _Y 0: E _ {Z. E _. (Z _ E o" O:_ E _
II,
W
X
,J
II
ILl ,'_ d-, O
.. oo_0
q, m ZUU
J OOf_
0 N ZZZX
_0 :_ LO {n ',n
,p N
• "-" _ 0 o 0
iN U _,_ _O "_ _O
IL IZ, ,-_ vv_,
_" _n LL > O LU _J
MLIJ T OOJ.
_Z • • Z ZO
',0 UJ ,_ ,,
• Z "_ ,'=', P ,"_
i'%1 _,_ IJ 0 "" 0
0 "_ &L • I,
• _00. • "" -- "_
ill --_ [J. U N O -_ o
Z • I-- _ '_ _0 0 _0
I,-,7 .',.,-_ • el ,-."n'_ 0
I_ ,-, ..-3 _"_ m 0 Z .'_ U "r U ,P-
" _0 0 _ ,.J _0 7 7 z
I/I 0 <[ "" "-" ]: P_
.I _ _/; Z Z _') _
Z g') X d. i- U.. I.-. :_
I-,
:_ZZZ Z ZZ Z
O O 0 r..J O O _ _
_000 O OOU
_nUU_ U U_JU
A
IL ,.o
:> _..
Ut- o -_ 0 0
tU LU • • • 0
(/1 Z II II I! m
_ 0 (/) .._ ... A X
Z _ Z,-- v _m j
O Z II _-- k- P- II _
_ _- _'- C_ r..} 0 _ _
U O _" 'JJ ',U u.I _ {.I.
k-
O
O o O O OO O
Z Z ZZ ZZZ
{Z E E _. E {Z _
rO
U
n
Z
V)
U U UUU U U
41"1
' 'i
'I
;i
I]
00000000 L) o 00 o o OO
I_. {_ (_ 0 ," ._ _ ,,T _0 _0 _, :0 _ 0 ,,-_ _
Z Z Z Z Z Z Z Z ZZ Z Z ZZ _ Z
EE _EE E _ • _E _ EEE_E
I [
v'
,,.I
11
v
I,',-
Z
o
CO
@
o
0
o
m
I
I
,J
I
lg
gJ
J
J
v'
U
O.
U.
00000o00 o 00o oO O0 o000
ZZ Z ZZ Z Z Z Z Z ZZ ZZ ZZ E ZZ Z
.J
II
.J
v
U
0.
@
P3
J
J
U
tl.J
@
J
UN
;P..J
/
' II ,J M,,.
.,,I Y
I,-,I
• +,,3
.j T _..
. J J J J J /
O U _ E J J J J J -J
ILl _r E U "-" *-" "+ "_ " +-_
,-, _'+ _ U U U U U U
,._ Z ,_ LL _. O. _.. O. > O.
o II o
.J _ .4- + .I- +. +- ,4.
;._ .'_ ,._ ,-, ,-,, ,,.,- rJ 0 O £._ O 0 .0" .,-,, -,_ ,,_ (M ('Y T_I "_ :D
Z Z I-'-_ _- • • _ _ ,t, + 0 _.. _. _. O. :E ::1. 7.
I,,- I-.- Z Z _ _ II II II II II It -.1" I,,.- II li II tl II II I,,.-
Z Z II II If "_ "_ '-' tM (M _ F1 _" ...,.w _ OJ r,3 _ Z
k) U J .J J _ :_. LI. _1. u 4. ,_. C_ _ _I. tL g. J. +L I_. U
<_ <t O
O O "+
I1
n3
Ii
_J
I"1
_L
It
U.
o÷÷@
_111111
_QO
'lip
X
:0
.J
U,.
.,J
I,-"
t'1
U.,I
I"'
b,,.
Z
ILl
_n,"
]
I.U
Z
J
41"
+f
I_UU
1'3
@
II
,,J
@
J
0
Z_O0
3++;,;
_1111
4f2
i,
OUuOOOUOOOOOOOOOooooO_oO OO
Z Z Z Z Z Z _ Z Z Z _ Z :,_ _ Z Z Z Z Z Z Z Z Z Z Z Z
@l@@
OOOO
IIIIIlll
41"
'11"
Z
U
I'-
,,J
D
t,J
.J
,¢;
U
X
..I
,.J
IN.
r.,.]
I"
.J
l,
,,.l
•-,_ r,')
U.
.J
u..J
..I
0
,,.,_
• n
v
14. ,J
@,
.J
@, v
J ,,,,_-,_ ('k_0,,I") r'l
_ .,# ..# .,# .,l =,l --I
_I..* v ..I --$ _ .J .J -I
&&.
0.. ,+ .k ÷
llU Ovv_
_ _ _ I! I! II II II II _ _ _ _ _
o
U
X I
_l, IJ
•,_ 3.
I..,
ILl
m
_ 1-
IN
is/,..,
o-.,
_i.i. A
"r" .-, U •
_, t%l " 3J
•" C.) X +"
.I."I (U rl
v v
I-- I-,-
0
o ,,-,=
o 0
ooooo
_ooo
ZZ Z
_N
_x
_U U
Z_ Z_
_x O_
_ ZU
_ x _Z _
_ _ _ ] 1 _ _
0 00_
o oo_
o o ¢J oo
o o (..3, ¢.J o
Z ZZ
I- I- l- I- I-
_ T
T X
•" Z
• 0
_ 1-
II L_ u) LU _J
< _.J LL
I=. _. O_ .-4 .J
t,(}'.0 =') • _
_, ,m, m O0 I--
XX X _ 0
(_,t_ r,- ,, r
r z
U. u U.
o o o
4z3
o o
Z Z
< <
(_ rY
t-- I--
Z
I,.- Q
W Z
f'
/
414"
i
J
/
o_ooo_o
415
_ ¢.) o c.J o o o o
• Q. O. O. O. {I Q. 9. n
t9 t9 t_ t_ _ _ _ _
_ _._
_0oo_
Lg Lg _ _ L_
D .J D ._ L;
o0_0o0 ooo0oo0ooo0o_0o0_
0 0 0 0 0
• •
X X
D e,_
• °
l
X
O
• P ..
K
_m
• •
X
I! •
QD
I )-
"1"
X •
X
II * I"1
0 _. X
:_ Z ,iI .k)
/
/
416"
417
0 0 0 0 0 o 0 0 o o 0 o 0 0 0 0 0 o 0 o o o 0 0 _ _ 0 0 o 0 o 0 ro _.r 0 0
_ > > > > > > > > > • > > > > _ > > >_ >
N N NNN N N N N N NN N NN N N NN N N N N N N NN N NN N N NN N N
G
N
N
N
N
>
:E
v
>
"r
N
W
Z
w
0
_O
Z
0
l,,-
U
tlJ
0
U
.I
U
w
z
7
U
I,U
I--
0 ,-,
UJ)'-
_U
I,I.4
I-,.uJ
,.,J_
..I
UIJ.l
>
Uj,-i
I,,,I
F..IU
l:I:l,'-
l"
I--
41"
41.
e_
XXXXX_
X_+_+l_
_,_
_Xxxxxxx
_ II II II II II II _ II
II N _ ¢ _ _ N_ O
_XX_X_
XX X _
oo XO oo
I I * I I I
_o _ _
_o o_ _
_0 _ _
÷÷ +I +l
XX x X
r',") _ (_I u')
oo X Oo _.
l l _. I I ._.
X UJ uJ tl,,l tU
•pro. tr) r,,.
_0 00 Po ¢0 rO 00 #_
U') _ _ _ ,_r _'r)
9 r"l (%t rr) ,,.m
J J ÷ l ÷ l l
>.
41.
I_)
o
I
14,1
U')
IN
÷
O0000OO_O
NNNNNNNNN
X x
o
I I
WW
+ #
XX
,le.K-
P3 r..
XOO
ua l,U
,'4U')0
,,=0u'_In
,I_i,(xjPr)
r,']l'qoO
• II •
m
I • I
xx
II
_ wW
o__
I÷
ll_ll
f,]
p,.
p')
•-.'Z
0 n'.
1-11;3
W, (:3
O_UJZ
_N "Y uJ
/
/
41"8
4f9
0000000o0o0oo000o0oo000_000_000000_0
__ _ W_O__.Oh_o___ _o__
Z
' m,_
0
_[
IX
_U
Z
i.a
0
_Z
CO
_n
)-
,,,_ o,I 1'5 ¢T to _J t'_, 0u _ ,_
_ 0 _
oo _OOee_ _
• • • _ _ • • • -- 0 • . • • • • • o . .
0 O0 _ _ _ _ _ _ 000 _ 000 O0 0
_ II II II II II II NII II II II _II II II II II II II II II !I _
D D m •
0 Z O_ Z ZZ OZ ZZ Z_ ZO_ ZZO _ZO _
420
OOOOOOOOOOOOOOO OOOOOOOOOOOOO_OOOOOOO
t
i
O f-) 41" e ¢,_ r_ .le 0 _ • 0
• • • • • • O • • • • _ • • • • I_') •
O O O _0 _10 O O O O O ,-, _" --, ..., _" ..w ¢_1
II II II II II II II II ID II II II II II II _O II II II II
c_
4(.
4(- 41.
41" O .11. 4("
O • O .R. f.) "._ • • se
0 0 0 ',0 ,,-, ,"3 ¢%) OJ ."_ -.. 0 0 0
r,. Ii II _1 II II II _0 II II Ii II 0_ II II iI
421
t
OOUO0
o D r_
f
i
O0@
• _
_m_z
• • a
ZZZ_Z
i'
/
J
422
0 ooo oo oo o_) o
_0000000_00
i'L
!
N
N
o
• • f_
e_ e=q ,-q
0
0
o
o
•_ 0
-) •
0
¢_ o o
2: Z
- e_ 0
%% • •
I... II j U
0 I ;,1.;
Z Z I,I.
v U
Q
0
t
_0
M
O
0
e_4
e_
o
0_
IS)
r_
e.4
_)
e_4
I
_U
N
I
Z
423
APPENDIX C
4 , I
, R@ferencels I k ,
!
C.I Wilson, K. H., "Stagnation Point Analysis of Coupled Viscous-
Radiation Flow With Massive Blowing," NASA CR-1348, June
1970.
APPENDIXD
VISRAD3 _0MPUTERPROGRAM
DISCUSSION OF THE PROGRAM
This appendix describes a digital computer program which is
designed for prediction of stagnation line viscous and radiative
coupled shock layer structure and the resulting heating rates pro-
_uced by a blunt body during super-orbital entry into planetary
atmospheres. Formulation of the problem was presented in Chapter 2
from which the first order stagnation line shock layer equations
were derived. The computer program described herein was developed
using the stagnation line equations and the implicit finite difference
techniques stated in Chapter 4. The regime of atmospheric flight
is restricted to the laminar continuum regime and to conditions Where
thermodynamic equilibrium can be applied. The governing equations
include the effects of mass injection of ablation species, radiation
cooling, and coupling between convection and radiation. The radiative
transport term is evaluated using either of two models. The first
one is the emission model described in Chapter 3. The second is a
line and continuum band model described in Chapter 3 and Appendix B.
Solutions to this problem are obtained by numerically solving
the set of stagnation line thin shock layer equations developed in
Chapter 2. Chapter 4 presents the finite-difference method used for
both the momentum and energy equations as well as the convergence
method and criterion. The entire solution process consists of a
complex iteration scheme which is started by assuming initial values
/
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rfor the solution profiles and then iterating until convergence is
obtained.
Ehe VlSRAD 3 program utilizes thermodynamic and transport
properties of air from Ref. D.I and thermodynamic properties of
alr-ablation product mixtures from Ref. D.2 as discussed in Chapter
3. The calculation of these properties were programmed as separate
subroutines such that either or both calculations could be made
during the solution procedure. Air values for kT, _ and CPT are used
throughout the shock layer. An elemental step function is assumed
for the elemental species solution. The elemental switch from abla-
tion products to air is made at the stagnation point. Species
compositions are then computed using the two methods based on the
elemental composition, local temperature and pressure.
The program was designed as a tool for use by thermodynamic
engineers for thermal environment prediction studies. It provides an
accurate method for analyzing a variety of atmospheric entry heating
problems. The following is a summary list of the capabilities included
in the VlSRAD 3 computer program:
o Stagnation line solutions
o Coupled convective and radiative energy flux calculation
o Line and continuum radiation calculation
o Large or small mass injection rates of ablation species
o Complete equilibrium chemistry
In addition to these basic capabilities, the program is designed so
that other options can be added without altering the basic program.
425
A solution to the elemental continuity equations for binary diffusion
has been successfully added to the basic program by Esch (Ref. D.2).
Additional modifications whichl could be incorporated into the program
J
are different diffusion, transport and chemical models.
There are three heating rate options available in the, program.
o Convective heating only
o Uncoupled convective and radiative heating
o Coupled convective and radiative heating.
PROGRAM PROCEDURES
The VISRAD 3 computer program was developed using a philosophy
of minimizing a users effort and maximizing program flexibility and
adaptability. Accordingly, the basic program logic as shown in
Fig. D.I is quite simple. However, these five basic subprograms are
supported by 20 subroutines and one function subprogram. Each of
these peripheral programs perform specific computational functions
thus enabling direct addition or substitution of other subroutines
when required.
In order to minimize input requirements, three techniques were
used. The first consists of internal initialization of values for
temperature, density, viscosity and stand-off distance which are
necessary to start the solution procedure. If better guesses are
available they may be input as discussed in the next section. The
second technique involves internal specification in BLOCK DATA of
problem defining parameters such as the elemental composition at the
426
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(INPUT)
READALL INPUT
1,.
(INIT)
COMPUTE NECESSARY
INITIAL QUANTITIES
,,u :I f ..
MOD_NTUM- C 0_ INU ITY
EQUAT ION SOLUT ION
(ENERGY)
ENERGY EQUATION
SOLUTION
(OUTPUT)
FIGURE D.I BASIC LOGIC DIAGRA>I
4z8
surface and the thermodynamic curve-fit constants which are changed
quite infrequently. The third technique consists of internally
selecting program options if an option variable is left b_nk on an
input card. In this procedure the most commonly used options are
performed when a blank is input.
The use of the elemental step function for the solution of the
elemental species equation presented one computational difficulty.
This type of solution produces a jump in average molecular weight at
the stagnation point which results in a discontinuity in density.
To eliminate this problem the average molecular weight of the
ablation products and that of air was linearly weighted with distance
in _ near the stagnation point. This is an approximation of the effect
diffusion has on the average molecular weight. In this manner the
density profile, which is primarily dependent on the temperature, is
computed as a smooth function.
The start up of the VISRAD 3 program can be achieved in a number
of ways. As stated previously internal guesses are available to begin
the iteration procedure. Two types of temperature profiles are
available. One for no mass injection and the other for mass injection.
These profiles are usually quite satisfactory as initial guesses if
an emission radiation coupled problem is to be run. However, if a
llne and continuum radiation coupled problem which includes mass
injection is to be run the internal guess may not be accurate enough.
Consequently, a start up logic has been developed to improve the
initial guess by beginning the solution procedure using air properties
o
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FIGURE D.2 VlSRAD 3 Start-up Option Logic
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and the emission model. The start up logic is presented schematically
in Fig. D.2. The computation procedure is begun with internal
guesses and procedes for n-I iterations as if an air-emission coupled
problem is being solved. At the nth iteration the program automatically
i
introduces ablation products and the detailed radiation model into
the solution procedure. The n-lth iteration solution profiles are
used as initial guesses for the "new" problem. In this way reasonably
accurate initial guesses can be achieved with minimal computer time
for the specific problem under consideration. The user must select
the iteration number at which the switch is to be made. For most
problems the simplified solution is nearly established after five or
six iterations. The iteration number selected can take on any value
from one up. Thus this start up option can be eliminated by introducing
the ablation species and detailed radiation at the first iteration.
If the iteration number is chosen so large that the switch is never
made an air, emission-only solution is obtained. Fig. D.2 also shows
the four iteration numbers where a step-size adjustment is made. Since
the choice of iteration number for switching ablation and radiation
models is arbitrary, some numbers will allow two step-size adjustments
to be made at a single IEM iteration (i.e. 2 or 4).
The procedure for step-size adjustment along with the convergence
criterion and procedure are presented in detail in Chapter 4 and thus
are not discussed here.
INPUT GUIDE
All inputs to the VISRAD 3 computer program are read from cards
supplied by the user; no tapes are required. The basic inputs consist
i
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of free-stream velocity and density, principle body radius, wall
temperature and mass injection rate. Additional input parameters
are needed to determine which program options are desired such as
coupled or uncoupled solution, emission or line and continuum
radiation model. Four basic formats are used for input, 15, El2.0,
E15.8 and A4. Multiple case runs, and hence entire trajectories
can be processed by placing the input data for each new case behind
the data for the previous one. The entire run is terminated by an
end of file.
Tab. D.I presents the format of the card input and Tab. D.2
provides a corresponding definition of variables.
/
_r
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Card
I
2
3
4
5
6A
6B
7
8
9
i0
TABLE D. I
CARD INPUT FOR VISRAD 3
VaT lab le s
TITLE
KEEP, NETA, IRA/), ITYPE, MAX_I, MAXE,
MAXD, LT, IPHI, FPRCT, TPRCT, IDEBUG
UINF, RINF, R, TWK, HT_TAL, RVW
DELTA, DTIL, RZB, RE, PDTIL
T(1)
RH_(1)
RM(1)
DEPS
ETA(l)
NDEBUG, IRS, lAB
CWALL(J)
Format
18A4 '
915, 2E12.0, 2X, II
6E12.0
5E12.0
6E12.0
6E12.0
6E12.0
El2.0
6E12.0
315
5E15.8
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TABLED.2
VARIABLEDEFINITIONSFORVISRAD3
Variable
TITLE
KEEP
NETA
IKAD
ITYPE
MAXM
MAXE
MAXD
LT
Description
Title for identification of the problem_
Indicator to determine if the temperature
profile from the previous case is to be kept
as a guess for the current case.
KEEP = 0 Temperature not kept
KEEP = i Temperature kept
The number of points to be used in the shock
layer profile. If NETA = 0, a set of 51 equally
spaced points will be used. If NETA > 0 card 8
must be read.
A variable used to specify the type of solution.
IRAD = 1 Convective solution only
= 2 Uncoupled radiation solution
= 3 Coupled radiation solution
A variable used to specify the type of radiation
model to be used.
ITYPE = 0 Line and continuum radiation model
= i Emission radiation model
Maximum number of iterations allowed in the
internal momentum loop. If MAXM = 0, it is
internally set = 15.
Maximum number of iterations allowed in the
energy equation and in the overall momentum-
energy loop. If MAXE = 0, it is internally
set = 15.
Maximum number of iterations allowed in the
external momentum loop. If MAXD = 0, it is
internally set = 15.
Indicator to determine if a temperature guess
and if p &p_ guesses are to be read in.
LT = 0 Cards 5 and 6 are not read.
= i Card 5 but not card 6 is read.
= 2 Cards 5 and 6 are read.
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IPHI
FPRCT
TPRCT
IDEBUG
UNIF
RINF
R
TWK
}{TOTAL
RVW
DELTA
DTIL
RZB
RE
TABLED.2 (Cont.)
Indicator to deter_nine if the shock curvature
is to be input.
IPHI = 0 dc/d_ = 0 is internally set.
= i Card 7 is required for input.
Convergence tolerance for each point in the fl
profile. If FPRCT= 0.0 it is internally
set = .005.
Convergence tolerance for each point in the T
profile. If TPRCT= 0.0 it is internally
set = .005.
A switch to allow intermediate printout to
be obtained at each iteration
IDEBUG= 0 No print.
= i Print is given.
The freestream flight velocity (U) in feet/sec.
The freestream density (p) in slugs/ft 3.
Principal body radius in feet.
Wall temperature in degrees Kelvin.
Total freestream enthalpy in ft2/sec 2. If
RTOTAL= 0.0, it is set to U 2/2. (Freestream
static enthalpy is assumedn_gligible).
Mass injection rate (PV)w/(PU) .
An initial guess for the shock standoff distance
6/R. If DELTA= 0.0, a guess is supplied by
program.
guess for the transformed standoff distance
6/R. The program will also supply this value
if DTIL = 0.0
m
The density ratio across the shock _ = Pm/P6"
RZB is input as 0.0, the code will determine a
value.
If
The Reynolds number for the problem, Re =
S
U Rp6/_6. This quantity is determined by the
program if RE is input as 0.0.
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P
/
/
f
PDTIL
T(I),I=I,NETA
RH_ (I) ,I=I ,NETA
RM(I) ,I=I,NETA
DEPS
ETA(I), I=l, l;nTn
N-DEBUG
IRS
lAB
TABLE D.2 (Cont.)
Convergence tolerance placed on 6 for total
solution convergence. If PDTIL = 0.0, it is
internally set = .001.
An initial guess for the dimensionless shock
layer temperature profile (T/T6). If LT>0,
this profile is supplied by the user.
An initial guess for the dimensionless shock
layer density profile (p/p6). If LT = 2,
this profile is supplied by the user.
An initial guess for the dimensionless shock
layer p_ profile (P_/P6_). If LT = 2, this
profile is supplied by the user.
The stagnation line shock curvature (dc/d_).
If IPHI = 0 then dc/d_ = 0.0 is internally
set. If IPHI = i, card 7 is read and d¢/d_
is supplied by the user.
The grid shock layer points at whichthe solu-
tion profiles are to be computed. If NETA = O,
A_ is set to 0.02 and ETA(l) is computed by the
program. (ETA(1)=0.0_walI, ETA(NETA)=I.0_shock).
Debug option to output thermodynamic curve-
fit equations.
N-DEBUG = 0 No output.
= i Output given.
Indicator to determine if the wall species
composition is to be input on Card I0.
IRS = 0 Card i0 not read and wall mass
fractions are set equal to those for
a nylon-phenolic ablator.
IRS > I Card i0 is read. Wall mass factions
are provided by the user.
Indicator to determine at what iteration (IEM)
the ablation products are included in the
computation.
lAB = 0 Ablation products are introduced
at IEM = 5.
lAB > 0 Ablation products are introduced
at IEM = lAB - i.
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TABLED.2 (Cont.)
CWALL(J) ,J=l ,NSP Wall mass fractions.NSP= 20 N+j = i_ 02 6_
2_N2 7-_E
340 8_C
44N 94H
0+ H25_ i0
Ii-_ GO
124 C3
13 "_ CN
14_ C2H
15 _ C2H2
164 C3H
17 4 C4H
184 HCN
19 4 C_
20_ C
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Somecaution should be exercised when preparing an input for this
program. The present program considers 5 elements, including electrons,
and twenty species listed under CWALL(J). The set of species was
selected for an air atmosphere and an phenolic-nylon ablator. If
another ablator is selected for study and this set of species is
appropriate, no alteration of the program is required. All that is
required is a card input of wall mass fractions of the ablator selected
on Card i0. If extensive study of a different ablator using this
program is anticipated, the user may find it convenient to change the
wall composition stated in BL_K DATA under CWALL rather than reading
in the data for each run. If required, a change to another set of
species for thermodynamic calculations can be made with comparitively
little difficulty. This may be achieved by changing the thermodynamic
curve-fit constants in BL_CK DATA. The thermodynamic curve-fit
equations were listed in Table 3.2 and the correspondence between the
coefficients in the table and those in the program is
For
1000 < T < 6000 6000 < T°K
AI = A I = All
BI = A 2 = BII
CI = A 3 = CII
DI = A 4 = DII
E1 = A 5 = Ell
FI = A 6 = FII
GI = A 7 = GII
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where the coefficients are dimensioned to include a value for each
species. The species ordering is given in the SP array with
corresponding ordering in S_# (i.e. species molecular weight) array
in BL@CK DATA. Curve-fit constants in the proper format for over one-
t
hundred species are available in Ref. D.3. If a different chemical
system is chosen for study a check should be made to determine if the
species added are radiatively important. This may be achieved using
the method suggested in Chapter 3.
An accurate initial guess appears to be necessary for some
flight conditions and body radii to avoid convergence difficulties.
The most sensitive profile appears to be the shock layer temperature.
A library of starting values for the temperature and _ profiles should
be developed. The ViSKAD 3 program provides punched output of these
three profiles along with the eta, _, step-size profile. The punched
output is in the format for input stated for card type 5, 6A, 6B and
8. This not only provides the user with a means of collecting
guesses but also provides the program with a restart capability.
An additional input hint which has proven useful is to run using
the emission model first and use this output as input for a run with
the detailed radiation model. It has been found that coupled
solutions using the emission model are not as sensitive to the input
guess as solutions using the detailed radiation model. This method
or the start up procedure discussed in the previous section is to be
used if a library of guesses has not been developed.
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A similar technique has proven useful in running entire trajectories
(usually without mass injection). By inputing KEEP= i, the program
will use the solution at the Nth trajectory point as an initial guess
for the N+ist trajectory point solution. In the early portion of a
typical trajectory the radiative coupling is weak and hence the
solution is not as sensitive to the initial guess. Since radiative
coupling varies smoothly over the trajectory, the solution at the Nth
point provides a reasonable guess for the solution at the N+ist point.
Two changes in the computer program are reconznendedif extensive
use of the program is anticipated. First, substitute a calculation
of the total heat capacity of ablation products for that of air which
is presently used. This calculation should be made in subroutine
PROYRTwhere the frozen part of the heat capacity for the ablation
products is presently computed. The calculation for the reacting
part may be computed using the method of Ref. D.2. Secondly,
additional logic should be built into subroutine STPSZEwhich internally
adjusts the _ step-size. Somenumerical difficulties are encountered
if the step size is increased to A m = .04 on the shock side of the
stagnation point for (pV)w > .10 even though the temperature gradient
is small. This subroutine should be modified to provide a smaller
step size in this region.
OUTPUT DESCRIPTION
This section presents a description of the program output format
and definitions of the output symbols. The reader may find it
instructive to refer to the listing of the sample problem presented
in the next section while reading this section.
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The first page of output is a print of the input data. This is
provided for a check of the input and an identification of the
problem. All quantities on this page are defined in the INPUT GUIDE
section. The second page also contains problem specification data
which is self explanatory. Following the guessed nondimensional
stand-off distance (DELTA) and transformed stand-off distance (DTIL),
a listing of the dimensional stand-off distance computed at each
iteration is given if the detailed radiation model is used.
Species number densities for those species used in the radiation
calculation during the final iteration are printed on the third page.
The fourth page provides an output of radiative fluxes computed
during the final iteration. The continuum contribution and line
contribution to the spectral flux is printed for three ETA points
(ETA = 0.0 = wall, ETA = stagnation point, ETA = 1.0 = shock) as a
function of frequency intervals and frequency centers respectively.
The columns of fluxes in watts/cm 2 denoted by QPLUS and QMIN_S
designates fluxes toward the surface and away from the surface
respectively.
The fifth page begins with a cheerful message noting the solution
converged. Following this message is a printout of the shock stand-
off distance parameters (DELTA,DTIL); the convective (QC), radiative
(QR), and total heating rate; and the radiative heat transfer
coefficient (Cl_). To the left of the heating rate data the density
ratio across the shock (RB) and the mass injection rate (R_#) are
stated. Following the heating rate data is a print of the numerical
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of the solution profiles as a function of the shock layer coordinates
ETAand (Y/D). The solution profiles printed are:
Ft = velocity function
RV = pv/p U= (nondimensional mass flux per unit area)
T/TD = T/T6 (nondimensional temperature)
E = E (radiative flux divergence)
V = v/U= (nondimensional normal velocity)
V(fT/SEC) = dimensional normal velocity
G = nondimensional total enthalpy
H(STATIC) = nondimensional static enthalpy
The shock layer thermodynamic and transport properties are out-
put beginning on the following page. These properties are then
followed by a print of the species mass fractions output as a
function of ETA. In addition to the species on the last page of
output, the mixture heat capacity (CP) and average molecular weight
(AMW)are also printed.
The above description is for a standard output. If, however, the
intermediate print option is used (i.e. IDEBUG> 0) additional infor-
mation is printed related to the momentumand energy equation
convergence as well as the information just described given at each
energy-momentumiteration. The additional information is clearly
labled and thus no difficulties should be encountered in its
interpretation.
SA_LE PROBLEM AN_ PROGRAM LISTING
The following example is presented to illustrate the basic input
for the VISRAD 3 program and to show a typical output listing. The
/
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conditions defining the problem are:
U = 50000. ft/sec
p_ = 2.69 x 10 -7 slug/ft
R=9 ft
(p) = .20V W
(d¢/d_)g=0 = 0.0 (internally set)
T = 3450°K
W
C. = .7303 carbon
1W
.0729 hydrogen
.0496 nitrogen
.1472 oxygen
(internally set)
Coupled radiative heating rates are to be obtained from the stagnation
line solution using the line and continuum radiation model. The
solution is started using a set of T/T6, P/P6' (P_)/(@_)6 and
profiles and thus LT = 2 on card type 2. Card type 4 is a blank card.
A listing of the necessary card input data is shown on the following
page.
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LThe output listing for the stated example is listed on the following
nine pages. A description of the output format is given in the
previous section. Following the output listing of the sample
problem a listing of the VISRAD 3 program is given.
Subsequent to the publication of the following it was noted that
after card ENER 880 a card stating
C_E = 2.1 DTIL
and card ENER 890 should then read
AI = -C_EF*(TARMI + TAP@t2 - C_E*TARM3)
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!APPENDIX E
RADCOR COMPUTER PROGRAhi
| •
DISCUSSION OF THE PROGRAM
The computer program RADCOR can be used to compute radiative
heating rates at the stagnation line or around the body. Heating rate
calculations are based on a radiative cooling parameter correlation
which is used in conjunction with an isothermal slab radiation
calculation made in the program. The isothermal radiation calculation
is made for post shock thermodynamic and species levels. Each point
on the body is treated independently and thus the heating at the
point in question is only dependent on the local shock shape, stand-off
distance and free stream conditions.
This program provides the capability of rapidly estimating
radiative heating rates at the stagnation line or around the body for
no mass injection. Although its primary use is for earth atmospheric
entry, heating due to entry into _rs or Venus atmospheres may also be
computed. The effects of ablation products may be accounted for by
hand calculation methods described in Chapter 5 and 6. Thus the
philosophy in using this program is one of obtaining preliminary design
estimates of the radiative heating environment about a vehicle.
The basic assumptions of the calculation are:
I. The shock layer can be approximated locally as an infinite
plane slab.
2. The body is assumed spherical.
3. The shock wave is assumed concentric.
568
I"
569
4. The shock stand-off-distance is computed using
5. Line and continuum radiation of species H, C, O and N are
inc luded.
6. Continuum radiation of species CO, 02, C2, N2, C 3 and H 2
are included.
7. Radiation blockage by ablation species is not included.
8. The surface radiative flux can be computed from the isothermal
flux using a radiative cooling parameter correlation.
The principle option of the program computes the surface radiative
heating for an air atmosphere using the following computation sequents.
First, the Rankine-Hogoniot equations (2.79 to 2.82) are solved using
the air thermodynamic properties of Hansen (Ref. E.I). Second, the
shock stand-off-distance is computed. Third, using the stand-off-
distance and post shock species composition from the solution of the
Rankine-Hugoniot equations, the isothermal radiative flux is computed.
Fourth, the radiative cooling parameter, F, and surface radiative
heating, qR' are computed using the following relations from Ref. E.2.
(qR)
isothermal .04 < r < 1.0 (E.I)
F= 3
½ p== U
qR = (0.2- 0.295 logloF)(qR ) (E.2)
isothermal
If the around the body option is used this sequence is repeated at
two degree increments around the body.
If the non-air atmosphere option is used the density ratio across
the shock and the post shock species, temperature pressure and average
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molecular weight _ust be input and only stagnation line calculations
can be made. This option is appropriate for bodies entering either a
I_ars or Venus atmosphere. The only apparent deficiency for this type
of calculation is the possible radiative effect of CN which may
exist in significant quantities for some flight conditions.
There are three features of the computer program that make it
attractive for preliminary estimates of surface heating rates:
I. The only inputs that are required for air atmosphere problems
are the free-stream flight conditions and body radius.
2. A large number of solutions can be obtained in a small amount
of computer time (less than .I0 min of IBM 360-65 time per
case)
3. The program has a modest computer storage required (_19 K
words).
The next section presents the details of the input procedure.
The usefulness of this program would be enhanced if a correlation
for the effects of ablation product injection were included in the
program. An attempt was made without success to find a suitable
correlation as discussed in Chapter 5. If however a suitable corre-
lation is obtained in future work, its addition to this program would
improve present accuracy of making rapid preliminary design calculations.
INPUT GUIDE
All inputs to the RADCOR computer program are read from cards.
The basic input consist of the free-stream velocity, free stream
density o0_rrpost shock pressure, and the body radius. Four inputs
formats are used for input, 15, El2.0, El0.0, and A4. The floating
point formats must have the decimal point punched on the Card.
/
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Multiple cases for the same kind of problem may be run. The first
card input signals the kind of cases to be run. For subsequent
cases card 1 is not read and the cases are to be subsequently stacked.
Card 1 of the input also serves to indicate multiple runs of a
particular kind. Parametric studies may be made by changing the body
radius or free-stream velocity holding the other specifying variable
constant. This is accomplished by setting h_ = no. of body radii or
NV = no. of free-stream velocities to a value greater than i. If this
is done, the base case specified by either card 3A or 3B is computed
first then the velocity and or body radius is sequentially increased by
constant intervals according to the following logic.
R = Rinitia I + 2.0 K (ft)
where K = 2, .... , NR
U = U + 2000.J (ft/sec)
initial
where J = 2, .... , NV
The U updating takes place in a loop internal to a loop updating R.
CO
Consequently for a given R all NV velocity cases will be run. If the
R is updated the velocity is reinitialized and the sequence is repeated.
Table E.I provides the details of the card input and Tab. E.2
provides a corresponding definition of variables.
/
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Card Type
I
2
3A
3B
4 5
5#
6#
TABLE E. i
CARD INPUT FOR RADCOR
Vat iab le s
ITYPE, IB_DY, NR, NV, IATM
TITLE
UINF, PDK, R
UINF, RINF, R
NETA, LINES, IDG, IEZ, XM_L
TD, AMW(NETA, RZB, RE, PD
FRAC (NETA, I)
Format
815
18A4
3E12.0
3E12.0
415,EI0.0
6E12.0
6E12.0
/
$
#
The value of ITYPE determines which card is to be read.
ITYPE = 0 Card 3B is read
= i Card 3A is read
If this card is blank the variable are internally set.
N-ETA = 5
LINES = i
IDG = 0
IEZ = 5
XM_L = 1.0
The value of IATM determines whether these two cards are read.
IATM = 0 Neither card is read
= i Both cards are read
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Variable
ITYPE
IBCDY
NR
NV
IATM
TITLE
UINF
POK
TABLE E. 2
VARIABLE DEFINITIONS FOR RADCOR
Description
Indicator used for the specification of which option
is used for normal shock calculations.
ITYPE = 0 Shock conditions computed from free
stream velocity and free stream density. -
= I Shock conditions computed from free
stream velocity and post shock pressure.
Counter used for thespecification of whether solution
is found at the stagnation line only or for an around
the body concentric shock.
IB@DY = 0 or i Stagnation line solution only.
> i Around the body solutions for a
concentric shock. Value of IB@DY
determines how far around the body
the solution is carried.
Counter determining whether R is to be internally
updated.
NR = 0 R is read for each case.
I R is to updated internally. Value of NR
determines the number of times R is updated.
Counter determining whether UINF is to updated
internally
NV = 0 UINF is read for each case.
i UINF is to be updated internally. Value of
NV determines the number of times UINF is
updated.
Counter determining whether solution is for air
atomosphere or any atmosphere.
IATM = 0 Solution for air atmosphere only.
= i Solution for any atmosphere. This
solution requires the inputing of the
mole fractions for species present in
the system.
Title for identification of problem.
Free stream velocity (U - ft/sec)
Post shock pressure (P6 " atm.)
574.
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RINF
NETA
LINES
IDG
IEZ
TD
A_MW(NETA)
RZB
RE
PD
FRAC (NETA, I)
Free stream density (p,_- slugs/it 3)
The number of points used in the slab radiation
calculation
Line radiation option variable
LINES = 0 Continuum calculation only.
= 1 Coupled line and continuum calculation.
Switch to allow intermediate printout
IDG = 0 Only final results printed.
= I Print at each ETA is given.
= 2 Complete print is given
The number of points used in the flux integration.
IEZ = 0 The ETA array will be used for the ETZ array.
0<IEZ<NETA Specifies the number of points in the
ETZ array.
A molecular radiation option switch
XM_L = 10-6 Molecules not included in the
radiation calculated
= 1.0 Nolecules included in the radiation
calculation.
Post shock temperature (T8 - OK)
Average molecular weight of all species present in
the system being analyzed.
Pm
Density ratio across the shock (_)
U
Reynold's number = Re 8 = Pm U_R/_8,O
Post shock pressure (Ps)
Post shock mole fractions of species I used in
input of non-air atmospheres.
I = I = 0 2 4 = 0 7 = H I0 = CO
2 = N 2 5 = E 8 = C 2 ii = C 3
3 = O 6 = C 9 = H 2
575
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OUTPUT DESCRIPTION
This section presents a description of the output format and
definition of output symbols. The reader may find it instructive to
refer to the listing of the sample problem given in the next section.
The first page of output consists of a print of the title card
and the options specified on card 4. This provies an identification
of the problem and a check on some of the pertinent options.
The second page of standard output (i.e. IDG = 0) is a print of
the results for one case. Under the heating of "SHOCK LAYER GAS
PROPERTIES" the free-stream and post shock conditions are given. Names
and meanings not listed in the foregoing section are:
HT_TAL = Free-stream total enthalpy
VD = Post shock normal velocity
(R*U)INF = Free-stream mass flux per unit area
Under the hea*ding of "SPECIES _SS FRACTIONS" the post shock species
mass fractions of air are listed if the air atmosphere option is used.
No listing is given for other atmospheres. Under the heading of
'%_ADIATIVE FLUX PROPERTIES" information pertaining to the radiative
heating calculation is given. The names and descriptions of the
variables printed are:
PATHLENGTH
GAM_
ISOTHERMAL FLUX
ACTUAL FLUX
CHR
= Path length used in the isothermal radiation
calculation which equals the stand-off
distance.
=F of Eq. (E.I)
= (qR) of Eq. (E.I).
ISOTHER_iAL
= _ (surface heating rate)
= Radiative heat transfer coefficient
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D YA/R
.5RINF*UINF3
QRR
= 6 (nondimensional stand-off distance)
3
= .5 p U= (free stream kinetic energy flux
per unit area)
= (qR)/(qR) 0 the heating rate referenced to
the stagnation value
If the parameter IDG is greater than 0 additional output from
the radiation calculation is given. This output is similar to that
discussed in Appendix C and thus will not be detailed here.
SAMPLE PROBLEM AND PROGRAM LISTING
The following example is presented to illustrate the basic input
for the RADC_R program and to show a typical output listing. The
conditions defining the problem are
U = 50000 ft/sec
9_ 9.0 x 10-7= slug/ft 3
R = 9 ft
The heating rate results shown are for the stagnation point in an air
atmosphere. The following is a typed listing of the necessary input
cards for this problem (the zeros need not be punched).
0 0 0 0 0
SAMPLE CASE
50000. 9.0E7 9.0
0 0 0 0 0.0
The four cards required for this sample case are cards I, 2, 3B and 4.
.577.
A comp_tter output listing for this problem is given on the
following pages. This output listing is followed by a Fortran listing
of the comp_ter program_
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